We present first-principles density-functional calculations for the structural, electronic, and magnetic properties of substitutional 3d transition metal (TM) impurities in two-dimensional black and blue phosphorenes. We find that the magnetic properties of such substitutional impurities can be understood in terms of a simple model based on the Hund's rule. The TM-doped black phosphorenes with Ti, V, Cr, Mn, Fe, and Ni impurities show dilute magnetic semiconductor (DMS) properties while those with Sc and Co impurities show nonmagnetic properties. On the other hand, the TM-doped blue phosphorenes with V, Cr, Mn, and Fe impurities show DMS properties, with Ni impurity showing half-metal properties, whereas Sc-and Co-doped systems show nonmagnetic properties. We identify two different regimes depending on the occupation of the hybridized electronic states of TM and phosphorous atoms: (i) bonding states are completely empty or filled for Sc-and Co-doped black and blue phosphorenes, leading to nonmagnetic; (ii) non-bonding d states are partially occupied for Ti-, V-, Cr-, Mn-, Fe-and Ni-doped black and blue phosphorenes, giving rise to large and localized spin moments. These results provide a new route for the potential applications of dilute magnetic semiconductor and half-metal in spintronic devices by employing black and blue phosphorenes.
Background
Two-dimensional (2D) materials, graphene and silicene, are currently the subject of intense theoretical and experimental research especially for their novel electronic device applications [1, 2] . Graphene and silicene have demonstrated many exquisite phenomena originating from the characteristic conical dispersion and chiral behavior of their valence and conduction bands around the Fermi level [3, 4] . Generally speaking, the nanostructures of graphene and silicene such as nanoribbons, nanotubes, and their interconnections have opened new routes for experimental and theoretical studies in the field of nanoelectronics [5] . Very recently, black phosphorene, a single layer of black phosphorus (BP), was successfully fabricated through exfoliation from the bulk black phosphorus [6] and therefore becomes, besides graphene and silicene, another stable elemental 2D material. The black phosphorene presents some advantages superior to other previously studied 2D semiconductors because of its intriguing electronic properties, thereby drawing enormous interest from the society of materials science [7] [8] [9] [10] [11] [12] [13] . Recently, Li et al. [14] reported that black phosphorene could be applied to the channel of the field-effect transistor (FET) device that has a high carrier mobility of ∼10 3 cm 2 /V·s and an on/off ratio of ∼10 4 at room temperature. As the allotrope of black phosphorene, blue phosphorene has the same stability as black phosphorene at room temperature, and its band gap is larger than black phosphorene [15] . These good electronic properties of black and blue phosphorene nanosheets can be useful for the development of future nanoelectronic devices, spintronics, and related applications [16] [17] [18] [19] [20] [21] [22] [23] .
For the design of practical electronic devices, defects and impurities have been employed to tune the electrical, optical, and other properties. Over the last decades, the resulting dilute magnetic semiconductors (DMS) and half-metals have achieved important developments both in fundamental aspects and prospective technological applications [24, 25] . Indeed, it was possible to understand the underlying mechanisms of interaction between dilute magnetic impurities allowing ferromagnetic semiconductors at room temperature. For prospective applications, the integration between 2D semiconductors and magnetic data storage enables the development of two-dimensional spintronic devices such as spin valve, spin-based transistors, non-volatile magnetoresistive memories, and even magnetically enhanced optoelectronics devices.
Meanwhile, in spite of the success of 2D materials such as graphene, silicene, transition metal dichalcogenides (TMDCs) [26] , and black phosphorene [17, 27, 28] , there has been rare study on the dilute magnetic characters of doped 2D black phosphorene except the work of Hashmi et al. [29] and Sui et al. [30] , while half-metal properties in doped blue phosphorene have remained unexplored so far. From a technical point of view, 2D semiconductors have other superior factors that can be exploited in magnetic or spintronic devices. First, the carrier concentration can be externally controlled by voltage gating. Secondly, there is room to improve the control of the impurity concentration, for example, by employing adatoms as impurities with concentrations above the solubility limit. In practice, studies of magnetic semiconductor nanostructures with lower dimensionalities, including semiconductor nanocrystals and nanowires doped with transition metals (TM), demonstrated that the confinement effect and the improved control of magnetic dopants can be used to increase the Curie temperature [31] .
In this work, we focus on substitutional 3d TM impurities (from Sc to Ni) in black and blue phosphorenes to investigate their dilute magnetic characters and halfmetal properties. Using first-principles density functional theory (DFT) calculations, we study the structural, electronic, and magnetic properties of substitutional 3d TM impurities in black and blue phosphorenes. One of our key results is that the electronic and magnetic properties of these substitutional impurities can be understood by a simple model based on the hybridization between the TM d orbitals and the defect (i.e., phosphorous vacancy) levels. This model together with the calculated band structure provides an explanation for the non-trivial behaviors of the binding energy and the spin moments for all the systems considered. Concisely, we distinguish two different regimes that depend on the electron filling of TMphosphorous hybridized levels: (i) completely unoccupied (occupied) bonding states for Sc (Co) lead to nonmagnetic and (ii) partially occupied non-bonding d shell for Ti, V, Cr, Mn, Fe, and Ni give rise to large and localized spin moments.
This paper is organized as follows. After a brief description of the computational details, we present the geometry structures, binding energies, and magnetic properties of all the substitutional TM impurities studied. We also present the general ideas behind our model of the metal-phosphorus hybridization in the considered systems. Then, the electronic structure of the unreconstructed C 3 2h phosphorus vacancy in pristine phosphorene, along with the electronic structures of the different groups of impurities, are presented. Finally, we give a summary with some general conclusions.
Methods
The present DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP) code with a plane-wave basis set [32] . Projector augmented wave (PAW) potentials [33] were used to describe the core electrons, and the generalized gradient approximation (GGA) of Perdew, Burke, and Ernzernhof (PBE) [34] was adopted for exchange-correlation energy. To examine the reliability of the PBE method on the magnetic properties of the black and blue phosphorenes containing 3d TM impurity atoms, we also considered the effect of the on-site Coulomb interaction U on the magnetic property within the PBE + U method. The values of U are 4.0, 5.5, 3.3, 3.5, 4.3, 3.3, and 6.5 eV for Sc-, Ti-, V-, Cr-, Mn-, Fe-, Co-, and Ni-doped systems, respectively. The kinetic energy cutoff of the plane-wave basis set used was 500 eV, and for the structural optimization, convergence of Hellmann-Feynman residual forces less than 0.01 eV/Å per atom was achieved. Because the convergence with respect to the number of k-points was especially critical to obtain accurate results for the spin moment in the systems studied, we used an adequate number of k-points for all the different supercell sizes, equivalent to 9 × 9× 1 Monkhorst-Pack [35] sampling. The Fermi level was smeared by the Gaussian method with a width of 0.05 eV. Most of our results were obtained using 2 × 2/4 × 4 crystallographic symmetrical supercells of black and blue phosphorenes, with a doping concentration of 3.13 %, as shown in Fig. 1a , b. We also checked the results by performing calculations using larger supercells up to 4 × 4/6 × 6 [concentration of 1.56(1.39) %] for several elements. In order to avoid spurious interactions between periodic images of the defective phosphorene layer, a vacuum spacing perpendicular to the plane was employed to be larger than ∼15 Å. 
Results and Discussion

Geometrical Parameters and Binding Energies
The typical structure of the systems studied in this paper is presented in Fig. 1 . Figure 1a shows the diamond-like 2 × 2 supercell structure of monolayer black phosphorene, with a doping concentration of 3.13 %. In view of symmetry and doping isotropy, the diamond-shape unit cell was employed instead of the rectangle unit cell. As shown in Fig. 1a , the optimized lattice constants are a 1 = 3.310 Å, a 2 = 4.589 Å, and a 1 = a 2 = a 2 1 + a 2 2 1/2 = 5.658 Å, and the angle between the basis vectors a 1 and a 2 is 71.89°. These values are consistent with experiment and other theoretical calculations [36] . Figure 1b displays the optimi zed structure of the blue phosphorene with lattice constants a 1 = a 2 = 3.330 Å, and their angle θ = 60 • , which are in good agreement with previous DFT calculations [15] . We begin to study pure black and blue phosphorenes with a monovacancy. Because the blue phosphorene with monovacancy has no magnetism, we only plot the spin charge density of the black phosphorene with monovacancy in Fig. 1c . Figure 1c shows the spin density of black phosphorene with a monovacancy. Similar to the carbon atoms around the vacancy in graphene, the phosphorus atoms around the vacancy in phosphorene undergo a Jahn-Teller distortion, and two of the phosphorus atoms close to the vacancy site move towards each other to form a P-P distance of 1.832 Å, which is 0.408 Å smaller than that of the intrinsic phosphorene. The ground state of the system has a magnetic moment of 1.00 μB/unit cell, most of which is concentrated at the two P atoms with the unsaturated bonds, as seen in Fig. 1c .
The structural parameters and energetic properties of the substitutional TMs in black and blue phosphorenes are shown in Fig. 2 . For TM-doped black phosphorene, the bond angles θ 1 and θ 2 monotonically increase from Sc to Ni (see Fig. 2b ). Meanwhile, the bond lengths d 1 and d 2 decrease for Sc-, Ti-, and V-doped systems and increase for Cr-doped system, decrease again for Mn-, Fe-, and Co-doped systems, and then increase for Ni-doped system (see Fig. 2a ). These behaviors of the bond lengths and bond angles reflect the size of the TM atoms. As for TMdoped blue phosphorene, the bond length d 3 decreases from Sc to Mn and then increases from Mn to Ni (see Fig. 2d ), while the band angle θ 3 shows an oscillating behavior (see Fig. 2e ). Figure 2c shows the calculated binding energies (E b ) of the TM-doped black phosphorenes, where E b is defined as -(E total -E phosphorene -E atom ). Here, E total is the energy of the whole configuration, E phosphorene is the energy of the phosphorene with a vacancy, and E atom represents the energy of an isolated dopant atom. We find a continuous increase of the binding energy from Sc to Cr, and then decrease from Mn to Ni, and the binding energies for the considered TMs are in the range of 0.375-5.466 eV. Interestingly, Cr-doped system has the maximum binding energy. This peculiar behavior is related with the interplay between the energy down-shift and the compression of the 3d shell of the TM as the atomic number increases. Although this explanation will be more clear when the metal-phosphorus hybridization levels are discussed below, we note that the behavior of the binding energies of the substitutional 3d TM arises from two competing effects:
(i) From Sc to Cr, the decrease of d 1 and d 2 reflects an increase in the bonding strength between the TM and phosphorous atoms (ii) From Mn to Ni, as the 3d shell is occupied, its hybridization with the phosphorous vacancy states is weakened to decrease the binding energy It is noticeable that this trend of the energetics for the TM-doped black phosphorenes is very similar to that for the TM-doped blue phosphorenes (see Fig. 2f ).
Spin Moments
The spin moments of substitutional TMs in black and blue phosphorenes are displayed in Fig. 3a , together with those of the isolated TM atoms. We find that the spin moments of the isolated TM atoms are 1, 3, 5, 6, 5, 4, 3, and 2 μB from Sc to Ni, respectively. On the other hand, the TMsubstituted black phosphorenes have the zero magnetic moment for Sc and Co, but 1, 2, 3, 2, 1, and 1 μB for Ti, V, Cr, Mn, Fe, and Ni, respectively, which are the same as the corresponding cases in blue phosphorene. For both of the TM-substituted black and blue phosphorenes, we analyze the charge transfer using Bader charge (see Table 1 ). We find that for both cases, the TM atoms lose electron charges while the nearest phosphorous atoms gain electron charges. It is notable that the magnitudes of gained and lost charges decrease as the atomic number increases.
Interestingly, as shown in Fig. 3a , the total spin moments have the integer values of 0, 1, 2, 3, 2, 1, 0, and 1 μB for Sc-, Ti-, V-, Cr-, Mn-, Fe-, Co-, and Ni-doped black and blue phosphorenes, respectively. According to a first-principles study of substitutional TM impurities in graphene, the spin moments are calculated to be 0, 0, 1, 2, 3, 2, 1, and 1 μB for Sc-, Ti-, V-, Cr-, Mn-, Fe-, Co-, and Nidoped graphene systems, respectively. These values are well compared with 0, 1, 2, 3, 2, 1, 0, and 1 μB for Sc-, Ti-, V-, Cr-, Mn-, Fe-, Co-, and Ni-doped black and blue phosphorenes, respectively. It is interesting to note that the spin moment of each TM impurity (except Sc and Ni) in graphene is smaller by 1 μB compared to the corresponding one in black and blue phosphorenes. This may be attributed to the different bonding natures of graphene and phosphorene: i.e., sp 2 bonding in graphene and sp 3 bonding in phosphorene. Since one valence electron of TM impurities in graphene participates in π bonding with neighboring C atoms, the spin moment is likely to decrease by 1 μB. To understand this deeply, we draw the schematic diagram of spin moment according to Hund's rule in Fig. 3b . We here note that the valence electron configurations of Sc, Ti, V, Cr, Mn, Fe, Co, and Ni are 3d 1 4s 2 , 3d 2 4s 2 , 3d 3 4s 2 , 3d 5 4s 1 , 3d 5 4s 2 , 3d 6 4s 2 , 3d 7 4s 2 , 3d 8 4s 2 , respectively. Briefly, we can distinguish the several regimes depending on the filling of electronic levels:
(i) Sc-doped black phosphorene have the empty Sc-phosphorous bonding levels, leading to a zero spin moment. (ii) Co-doped black phosphorene have fully occupied Co-phosphorous bonding levels, leading to a zero spin moment. (iii) Ti-, V-, and Cr-doped black phosphorene have partially occupied TM-phosphorous bonding levels with the spin moments of 1.00, 2.00, and 3.00 μB, respectively. (iv) Mn-, Fe-, and Ni-doped black phosphorene have partially occupied non-bonding 3d levels with the spin moments of 2.00, 1.00, and 1.00 μB.
It is notable that the spin moments of TM-doped blue phosphorene (see Fig. 3c ) are the same as those of black phosphorene because the energy states of s and d in the outermost orbital of TM atoms and phosphorus atom are very close to each other.
To explore the underlying mechanism of the magnetic moments in TM-doped black and blue phosphorenes, the Mulliken population analysis was performed to list the results in Table 2 . We find that the spin moments of the TM impurities (S M ) have a dominant contribution for the nearest phosphorus neighbors (S P1 and S P2 ). The calculated spin moments of TM impurities for Ti, V, Cr, Mn, Fe, and Ni in doped black phosphorene are S M = 0.986, 1.977, 3.082, 2.207, 1.097, and 0.953 μB, respectively, close to the above-discussed Hund's analysis. Similarly, the spin moments of TM impurities for Ti, V, Cr, Mn, Fe and Ni in doped blue phosphorenes 
Analysis of the Electronic Structures
Before the analysis of the electronic structures of TMdoped black and blue phosphorene, we first examine the electronic structure of a single phosphorous vacancy in black phosphorene. As substitutional impurities in black phosphorene, most of the TM atoms studied here exhibit a symmetrical configuration of C 3 2h [37] . For this reason, it is particularly instructive to analyze their electronic structures with the hybridization between the atomic levels of the TM atoms and those associated with a relaxed C 3 2h symmetrical phosphorus vacancy. As shown in Fig. 4 , the C 3 2h vacancy shows a considerable spin polarization of 1.00 μB, indicating a dilute magnetic property.
To further shed light on the underlying mechanism of magnetic properties in the TM-doped black and blue S tot is the total spin moment of the doped black and blue phosphorenes. The band gaps (E g ) of TM-doped black (blue) phosphorenes are also given. The values in parentheses are the PBE + U band gaps phosphorene structures, we plot the spin-polarized band structures of TM-doped black and blue phosphorenes in Fig. 5a , b, respectively. Interestingly, the majority and minority spin bands for Ti-, V-, Cr-, Mn-, Fe-, and Nidoped black phosphorene show semiconducting characters (see Fig. 5a ), indicating dilute magnetic properties. On the other hand, Sc-and Co-doped black phosphorene exhibit zero spin moment, whereas Ti-and Ni-doped blue phosphorene show half-metal characters (see Fig. 5b ). Note that V-, Cr-, Mn-, and Fe-doped blue phosphorenes exhibit dilute semiconducting characters, while Sc-and Co-doped blue phosphorenes have zero spin moment. Generally, substitutional TM impurities in black and blue phosphorenes exhibit very similar behaviors in their energetic and magnetic properties. This result indicates that the structural differences of black-and bluephosphorene lattices are insensitive to determine the energetic and magnetic properties of TM-doped black and blue phosphorenes, as shown in Figs. 2, 3 , and 5.
It is interesting to examine the effect of the on-site Coulomb interaction U on the magnetic properties of the Table 2 . We find that Eg of the magnetic semiconductor obtained using PBE + U increases by ∼30 % compared to the PBE results. However, it is noticeable that the spin moment does not change depending on the PBE and PBE + U methods. Interestingly, we find that the PBE + U band structure of Ti-doped blue phosphorene shows a magnetic semiconductor property with a gap opening (see Fig. 6 ), different from the halfmetallic character predicted by PBE. This indicates that U in Ti-doped blue phosphorene splits the narrow halffilled bands crossing the Fermi level into lower and upper Hubbard bands. On the other hand, the half-metallic character of Ni-doped blue phosphorene predicted by PBE is preserved in the PBE + U band structure (see Fig. 6 ), because the bands crossing the Fermi level have relatively larger band widths compared to those in Ti-doped blue phosphorene (see Fig. 5b ).
A general picture of the dilute magnetic and half-metal features of the TM-doped black and blue phosphorenes can be seen from the analysis of the spin-polarized total and partial DOS, as shown in Fig. 7 . As for Sc-and Codoped black phosphorenes, the total DOS of the majority and minority states are completely compensated with each other, yielding zero spin moment (see Fig. 7a ). It is found that for Ti-, V-, Cr-, Mn-, Fe-and Ni-doped black phosphorenes, the total DOS of the majority and minority states are not compensated below E F and show a gap opening, indicating dilute magnetic semiconducting properties. We note that the DOS of Sc-and Co-doped blue phosphorene show nonmagnetic properties; those of Ti-and Ni-doped blue phosphorene show half-metal properties; V-, Cr-, Mn-, and Fe-doped blue phosphorenes show dilute magnetic semiconductor characters (see Fig. 7b ). From the analysis of the spin-polarized total and 
Conclusions
We have performed a first-principles DFT calculation for the structural, energetic, and magnetic properties of a series of substitutional 3d TM impurities in black and blue phosphorenes. We provided a simple model based on Hund's rule for understanding the calculated electronic and magnetic properties of the considered systems, where the dilute-semiconducting and half-metal features, spin moment, and binding energy are varied depending on the atomic number of the TM atoms. The spin-polarized band structures and DOS calculations show that for black phosphorene, the Ti-, V-, Cr-, Mn-, Fe-, and Ni-doped systems have dilute magnetic semiconductor properties, while Sc-and Co-doped systems have no magnetism. For blue phosphorene, the Ni-doped system shows half-metal properties, while V-, Cr-, Mn-, and Fe-doped systems show dilute magnetic semiconductor characters, Sc-and Co-doped systems show non-magnetism.
Since substitutional impurities of 3d TM atoms in black and blue phosphorenes exhibit some intriguing electronic and magnetic properties, such doped systems can provide an interesting route to tune various functions for spin electronic devices based on black and blue phosphorenes. This functional ability together with the high stability of substitutional impurities can open a route to fabricate ordered arrays of these impurities at predefined locations, which would allow the experimental tests of the theoretical predictions of unusual magnetic interactions mediated by black and blue phosphorenes. 
